Neuromyelitis optica spectrum disorder (NMO/SD) and its clinical variants have at their core the loss of immune tolerance to aquaporin-4 and perhaps other autoantigens. The characteristic phenotype is disruption of astrocyte function and demyelination of spinal cord, optic nerves, and particular brain regions. In this second of a 2-part article, we present further perspectives regarding the pathogenesis of NMO/SD and how this disease might be amenable to emerging technologies aimed at restoring immune tolerance to disease-implicated self-antigens. NMO/SD appears to be particularly well-suited for these strategies since aquaporin-4 has already been identified as the dominant autoantigen. The recent technical advances in reintroducing immune tolerance in experimental models of disease as well as in humans should encourage quantum leaps in this area that may prove productive for novel therapy. In this part of the article series, the potential for regulatory T and B cells is brought into focus, as are new approaches to oral tolerization. Finally, a roadmap is provided to help identify potential issues in clinical development and guide applications in tolerization therapy to solving NMO/SD through the use of emerging technologies. Each of these perspectives is intended to shine new light on potential cures for NMO/SD and other autoimmune diseases, while sparing normal host defense mechanisms. Neuromyelitis optica spectrum disorder (NMO/SD) remains a vexing neuroinflammatory and demyelinating disease that most frequently involves the spinal cord and optic nerve(s).
development of strategies for retolerization to AQP4 as potentially curative solutions for NMO/SD. Several experts in NMO/SD and immunology have contributed to this second of a 2-part series. Here, the state of the art in restoring immune tolerance is examined, and a roadmap is presented for developing antigenspecific approaches to NMO/SD. This discussion addresses current understanding of B and T cell immunobiology, distinct strategies for tolerization and developmental milestones for clinical application. The increasing awareness and understanding of NMO/SD, and the disruption of immune function that it represents, should provide opportunities for benefiting patients with the disease.
POTENTIAL STRATEGIES FOR RESTORING IMMUNE TOLERANCE IN NMO/SD Enhancing regulatory T cell function. Thymus-derived CD4
1 CD25 1 Foxp3 1 regulatory T cells (Tregs) have several roles in maintaining immune self-tolerance. 4, 5 These cells undergo thymic selection, then migrate to the periphery where they perform their regulatory functions. Most Tregs constitutively express CD25, the interleukin (IL)-2 receptor a-chain, 6, 7 and Foxp3, 8 a transcription factor involved in Treg function. [9] [10] [11] Foxp3 deficiencies in Treg development and function cause abnormal immune tolerance in humans and animal models. [12] [13] [14] [15] [16] In scurfy mice, Foxp3 deficiency results in Treg depletion, dysfunction, defective maturation, and lethal lymphoproliferative disease. [12] [13] [14] Affected patients develop polyendocrinopathy and enteropathy through X-linked inheritance, 15 via defective Treg suppression of autoreactivity. 16 It remains unclear whether similar Treg abnormalities are primarily involved in NMO/SD. Harnessing Tregs as potential therapy might attenuate the overly aggressive effector responses involved in its pathogenesis.
Tregs modulate activation and function of T cells, B cells, natural killer cells, dendritic cells, macrophages, and mast cells (reviewed in reference 17). For example, they can inhibit CD4 1 and CD8 1 T cell proliferation, cytokine production, cytolysis, and other effector cell functions. They can also prevent B cells from generating autoreactive antibodies. 18, 19 Tregs elaborate soluble factors (e.g., IL-10, transforming growth factor b [TGFb]), surface molecules (CTLA-4 [cytotoxic T-lymphocyte-associated protein 4]), and generate indoleamine 2,3-dioxygenase, which have been implicated in immune regulation. 20 They kill target autoreactive cells through perforinand granzyme-mediated mechanisms, and inhibit T cell-dendritic cell interactions, rendering T cell activation incomplete thus promoting anergy. Tregs have been shown to have therapeutic benefit against both autoreactive humoral and T cell responses in animal models of type 1 diabetes (T1D), experimental autoimmune encephalomyelitis (EAE), graft-vs-host disease (GVHD), [21] [22] [23] and in human clinical trials for  GVHD and T1D (table) . 24, 25 Antigen-specific Tregs may be more effective in modulating autoimmune responses than their polyclonal counterparts. 21, [26] [27] [28] The generation of therapeutic Tregs for NMO/SD may be achieved using several strategies. While administration of autologous polyclonal Tregs expanded in vitro represents a logical first step for most indications, use of AQP4-restricted Tregs might prove particularly effective in NMO/SD. Creating genetically engineered T cells with chimeric antigen receptors is one feasible approach (see part I; reviewed in references 29 and 30). Because chimeric antigen receptors comprise a single chain variable fragment from a known antibody, this basic strategy circumvents inadvertent or off-target major histocompatibility complex restriction. For example, anti-AQP4 monoclonal antibody could be cloned into a lentiviral vector such as single chain variable fragment, along with an appropriate signaling domain, and transduced into Tregs. Resulting cells should have tight AQP4 specificity and retain antigen-directed immunosuppressive activity. 5 Proof of concept for this strategy has been demonstrated in a mouse model of colitis. 31 Similarly, antigen-specific human Tregs engineered through transduction of T cell receptor into Foxp3
1 Tregs efficiently inhibited factor VIII-specific T effector cells in hemophilia. 29 Alternatively, Ag-specific Tregs could be expanded ex vivo 30, 32 by exposure to recombinant AQP4 protein in the presence of IL-2, TGFb, and/or rapamycin. Thereafter, AQP4-responsive Tregs could be isolated, expanded, and administered to patients. It should be noted that, while AQP4 is the prototypic autoantigen in NMO/SD, others are emerging as candidate participants in this disease, such as myelin oligodendrocyte glycoprotein. If validated, such antigens could be targeted using the strategies outlined herein.
Enhancing regulatory B cell function. Abnormal B cell functions may enhance autoimmune mechanisms, including those associated with NMO/SD. These cells can polarize naive CD4
1 T cells to Th1, Th2, or Th17 phenotypes, present antigens, produce cytokines, and effect costimulation. [33] [34] [35] [36] [37] [38] Proinflammatory B cells that activate myeloid cells (in turn, activating proinflammatory T cells) have been implicated in human CNS autoimmune disease. 39 Counterbalancing the multiple roles of proinflammatory B cells are regulatory B cells (Bregs 40 [42] [43] [44] [45] Bregs commonly express high levels of IL-10 and cell surfacedisplayed CD1d. 46 More recently, B cells expressing IL-35 in the absence of IL-10 were also found to have potent anti-inflammatory effects in EAE. 47 Breg activation typically requires signaling via the B cell receptor (BcR) as well as CD40/CD154 costimulation. In humans, signaling through CD40 or tolllike receptors induces IL-10 expression in naive (CD27
2 ) B cells in the absence of BcR engagement. [48] [49] [50] [51] [52] [53] However, profusive IL-10 or IL-35 induction downregulates Breg functions 47, 49 and exacerbates autoimmune diseases such as IBD, EAE, arthritis, and systemic lupus erythematosus in experimental mice. [54] [55] [56] [57] IL-10 deficiency is also associated with multiple sclerosis (MS) severity. 49 These apparent paradoxes may reflect the multiplicity of B cell functions in different immune paradigms. 42, 49, 55, 58 IVIg efficacy in NMO/SD; antiidiotype induction in autoimmune diseases Likewise, TGFb-producing B cells have been generated in vitro, and their adoptive transfer has suppressed experimental T1D by inducing apoptosis of effector T cells. e12,e13 These and related approaches could be applied to NMO/SD.
Oral tolerization in NMO/SD. The gut-associated lymphoid tissue is the largest immune organ and naturally induces tolerance to ingested proteins. Thus, oral tolerance represents a nontoxic and physiologic mechanism by which to induce tolerance in an antigen-specific manner.
e14 While oral tolerization has yet to be successfully translated to human autoimmune diseases, it is effective in human allergy.
e15,e16 In those cases, patients are desensitized to an offending allergen(s) by stepwise exposure to that allergen. Emerging evidence supports the potential for oral tolerization in preventing or treating NMO/SD. For example, NMO-immunoglobulin G (IgG) is predominantly IgG1 and requires T cell endorsement. Thus, antibody production in NMO/SD is largely dependent on antigenrestricted T cells. Furthermore, specific T cell reactivity to AQP4 has been described, e17-e24 including identification of T cell epitopes.
e25,e26
For example, Varrin-Doye et al. e17 identified an immunodominant sequence of AQP4 (p61-80) that is recognized by CD4 1 T cells from patients with NMO. Furthermore, these cells exhibit a Th17 phenotype, consistent with the proinflammatory immune profile observed in human NMO/SD, including complement fixation and neutrophil involvement.
Oral tolerization mitigates T cell-mediated disease in animal models of EAE and nonobese diabetes. Yet, it remains unknown whether orally administered autoantigens can tolerize T cells and attenuate an antibody-mediated neurologic disease. This question appears to have been answered in principle using a rat model of myasthenia gravis, where orally administered acetylcholine receptor (AChR) peptide attenuated the disease. e27 In concept, oral tolerization in NMO/SD might be accomplished by feeding AQP4 or its peptides, followed by immunization with AQP4 with an appropriate adjuvant. This would be followed by assaying cell proliferation and antibody production to assess AQP4 tolerogenic responses. Tolerization might be optimal at either low or high dosages of antigen, although the mechanisms involved may differ. For example, at lower dosages, Tregs would be expected to have a prominent role, whereas higher dosages may provoke anergy or cell deletion. Animal studies could provide important information regarding optimal dosing in initial human NMO/SD. Varrin-Doyer et al. e17 suggest that administration of either AQP4 protein or its immunodominant peptide(s) may reduce relapse frequency and/or severity in animal models of NMO/SD. Oral modalities designed to tolerize autoreactive T cells for therapy in human autoimmune disease are being evaluated.
e28 For example, initial results suggest that insulin administered orally may delay T1D, presumably by restoring immune tolerance to insulin-reactive T cells. e29 For human NMO/SD, T cell reactivity and AQP4 antibody levels would be monitored pre-and postimmunization. This modality should be well tolerated. Theoretically, oral administration of anti-CD3 monoclonal antibody could induce Tregs to retolerize in NMO/SD. Results using similar strategies have been encouraging in EAE, diabetes mellitus, and lupus (reviewed in reference e28). Other modes of antigen administration have also been explored with promising results. For example, intranasal dosing of myelin basic protein mitigates EAE in rats by activating IL-4 1 /TGFb 1 regulatory cells. e30 Similarly, intranasal administration of purified AChR suppressed AChR-directed antibody production and disease manifestations in an experimental rat model of myasthenia gravis.
e31 Similarly, other studies have used nasal dosing in autoimmune myocarditis and like conditions. These approaches would in concept treat NMO/ SD regardless of the identities of the pathogenic autoantigen(s) involved. However, the nonspecific expansion of Tregs could result in untoward consequences, including infection or malignancy. Therefore, while promising in principle, therapeutic efficacy of oral tolerization in NMO/SD and other human autoimmune diseases has yet to be proven, and faces challenges. e49 For example, anti-idiotypic antibodies might limit NMO/SD severity or render assays seronegative for NMO-IgG. Anti-idiotypic antibody therapy may be feasible and is worthy of exploration in NMO/SD.
Target-competitive antibody in tolerization. Engineering of beneficial antibodies has also been pursued in NMO/SD. A prominent example is aquaporumab, a recombinant monoclonal antibody possessing high affinity for AQP4 but lacking complement activation or antibody-dependent cell cytotoxicity.
e50 Currently in preclinical development, aquaporumab aims to passively tolerize patients by competing with endogenous anti-AQP4, thereby sparing the pathogenic targeting of astrocytes or other CNS targets.
TOLERIZATION CLINICAL DEVELOPMENT
ROADMAP Pilot studies evaluating the efficacy of candidate therapies in NMO/SD have yielded ambiguous results. These studies have proven incomplete in informing phase III trial design. This is especially true in pilot studies lacking control arms, where accurate measures of effect magnitude and relative safety are compromised. These estimates are critical in the initial assessment of benefit-risk. Chief barriers to identifying effective and safe antigen-specific treatments include precisely defined target epitopes, optimal dosing regimens, and identification of the most appropriate subject cohorts. A comprehensive strategy for addressing these challenges will be essential for obtaining robust clinical trial outcomes (figure). The feasibility of tolerization therapy in NMO/ SD is predicated on AQP4 or other pathogenic autoantigen(s) having a central role in disease process. One challenge to success is the heterogeneity of the disease. One strategy that may afford a best chance for success would involve a therapeutic target(s) that is common to a majority of NMO/SD cases. In individuals whose disease involves alternate autoantigens or mechanisms, responses to tolerization directed at AQP4 may diverge, potentially jeopardizing study outcomes. Thus, each proposed tolerizing strategy should include a systematic evaluation of all variables that might confound study interpretation. These measures include subject demographics, heterogeneity in disease phenotype, and treatment history before enrollment. Patient diversity in NMO/SD remains incompletely understood, particularly in those cases in which NMO-IgG cannot be detected. This point illustrates how the stringency of trial inclusion and exclusion criteria must be counterbalanced by the ultimate importance of assessing as broad a subject population as is possible. Assessment of a diverse patient population is essential to the identification of all patients who might benefit from therapy. Thus, early recognition of likely regulatory requirements and intended scope of clinical use is critical to the design of trial programs.
Disease stage may also determine efficacy of tolerization therapy. Early disease might prove particularly amenable to tolerance enhancement aimed at minimizing epitope spreading. NMO/SD cases that progress might exhibit aberrations of immunity differing from those in early, self-limited disease. In designing clinical trials, patients with advanced disease may have accumulated significant disability. This fact can complicate the demonstration of efficacy, as additional dysfunction could escape clinical detection. Establishing a suitable range of disease duration or severity in the inclusion criteria will be required in assessing treatment efficacy.
Previous treatment exposure is likely to influence reestablishment of immune tolerance. In this regard, stratification of study participants with respect to prior drug treatment, temporal remoteness of earlier therapies, and other therapeutic history must be considered carefully. Because tolerization therapy requiring autologous reagents highlights factors unique to each patient, full assessment of immune function in each subject will be necessary before study enrollment.
Attempts at gaining registration for therapies aiming to restore immune tolerance are likely to encounter multiple hurdles, some of which are unique. Several of the tolerance-restoring strategies mentioned have safely navigated phase I clinical trials in other autoimmune conditions. Nonetheless, prospective and rigorous evaluation of safety in larger numbers of patients with NMO/SD will be necessary for any tolerization strategy going forward. For example, the potential for regulatory cells to revert to inflammatory effector phenotypes is a concern. Likewise, strategies that attenuate regulatory mechanisms in concept might promote disease exacerbation if excessive IL-10 or other factors are elaborated. Because of their potential to significantly alter normal immune function, tolerization therapies will likely engender high-level expectations for safety.
Access to an adequate and appropriate subject cohort is essential to establishing the safety, efficacy, and dose-optimization of a candidate agent. Development and validation of new trial outcome measures and diagnostic biomarkers will facilitate trial designs that enhance the likelihood to yield unambiguous results. Optimizing early-phase study design promotes the success of subsequent phase III trials. This experience may be particularly true for strategies attempting immune retolerization, whereby the details a priori of optimal dosing are essentially unknown. Sample size determinations will depend on a number of factors, including the following: (1) stringent and objective definitions of relapse and severity; (2) estimates of relapse frequency; (3) reduction of relapse frequency by an experimental treatment vs a comparator; (4) time to onset of efficacy; (5) error assumptions around the point estimates for control; and (6) choice of a-power level required to reject the null hypothesis. The choice of appropriate comparator(s) is key to designing any clinical trial. Inclusion of arms receiving pure placebo, unproven currently used therapies, or addon combinations in NMO/SD has recently been reviewed. e51 Use of an unproven yet widely used drug(s) as a comparator imposes substantial challenges to demonstrating superiority or noninferiority, as the comparator effect would remain undetermined.
Designing robust NMO/SD efficacy and safety trials to support drug registration will require substantial input from the relevant regulatory agencies. Thus, their early guidance on every aspect of the trial design should be sought. Their input regarding safety, dosing, and study endpoints is essential. The data generated from each trial will ultimately inform product labeling and patient access, and will likely shape clinical practice. It should also be noted that 2 adequate and well-controlled confirmatory trials are typically required as evidentiary for approval. In rare circumstances, a single pivotal trial generating unambiguous results may suffice, especially in the orphan disease space.
e52 As safety will be a major driver of benefit-risk assessment, early endorsement of the safety monitoring details and plan should be obtained from regulatory authorities.
In summary, meeting the scientific, operational, ethical, and regulatory hurdles for developing novel therapeutics in rare neuroimmunologic diseases such as NMO/SD is challenging. Nonetheless, strategies aimed at restoring immune tolerance may offer favorable long-term safety compared to chronic immunosuppression. No therapies currently used in NMO/SD have been proven effective or safe in controlled, prospective clinical trials. This fact highlights the unmet need and justifies the continued efforts of researchers and clinicians in close collaboration with industry and regulatory partners to facilitate development of tolerizing therapies for NMO/SD.
CONCLUDING REMARKS The goal of immune tolerization is to reset the immune system and restore central and peripheral tolerance and in so doing overcome manifestations of autoimmune disease.
This primary goal faces difficult challenges, including disease heterogeneity, the dynamics of adaptive immunity, and inflammatory responses over the course of disease. The strategies discussed in these articles may prove successful in reducing immune reactivity targeting pathogenic autoantigens in NMO/SD. To do so, tolerization therapeutics must delete autoreactive effector cells or attenuate their functions, and prevent their re-emergence. In theory, efficacy may be achieved by modulating inflammatory or enhancing regulatory responses. The value of these approaches will ultimately be determined by their efficacy in reducing or eliminating disease morbidity and mortality. In practice, the combination of traditional and retolerization strategies may be a first step forward, where conditioning of the immune system through one approach affords a permissive groundwork for retolerization. In this respect, a development process in which adaptive trial designs may afford the most efficient advances may be ideal. Obviously, identifying durable curative and preventive measures remains the ultimate goal for these strategies. Despite its challenges, restoring immune tolerance remains a meritorious and promising goal in NMO/SD.
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